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_ Abstract—Information exchange among a group of users is to as the FFH/MFSK MWR scheme. No matter how many
implemented with the aid of fast frequency-hopping M-ary users are involved, our FFH/MFSK MWR scheme uses only

frequency-shift keying multi-way relay (FFH/MESK MWR). The g time-slots per symbol period for information exchange,

FFH/MFSK MWR scheme uses two time-slots per symbol for . . . . . .
achieving the information exchange, regardless of the number Which is achieved with the aid of one relay. During the
of users involved. During the first time-slot, all the users first time-slot, all the users send their information to the
communicate with a relay based on the FFH/MFSK principles. relay through their multiple-access channels. At the retagy
Then, without recovery of the symbols received, the relay forms received TF signals are noncoherently processed to form a
Ssggeg[uer?nugent% (-srtla:gorrlrzjat?r(ﬁefl]é?h l'DSur‘;cr’la"’"’t‘{l%eiggor?g iihrﬁe- hard-decision TF matrix, which is broadcasted by the relay
slot, each user receives signals from the relay and, based ont© all the users during the second time-slot. Finally, eatch Io
which, detects the other users’ information. In the FFH/MFSK  the users involved detects the other users’ information als
MWR scheme, both the relay and the users use square-law based on noncoherent approaches. One typical application o
lay . : pp yp pp
assisted noncoherent techniques for detection. While the relay the proposed FFH/MFSK MWR is for information exchange
s rr]sé%ﬁiirfwhrﬁlfgl?#(j)(;jdet?ncttjll(t)iﬂ’ster;r%eettggteosr "({\Adl_e_ﬁlc}gr)s* S“l?g!_"e among a group of users which cooperate with each other.
optimum ML-MUD (SML-MUD) and the majority vote based N this case, the FFH/MFSK MWR system may be operated

single-user detector (MV-SUD), are considered for detection at €ither in the frequency band of the main system operated or
the users. Finally, in this paper, the error performance of the in the frequency-bands detected in real-time fashion based
FFH/MFSK MWR systems is investigated by simulations, when cognitive radio principles.
assuming communications over Rayleigh fading channels. One of the typical characteristics of the proposed
FFH/MFSK MWR scheme is the noncoherent processing,
which demands only low-complexity techniques. By contrast
The growing demand for information exchange among muiost previous techniques proposed in literature requihreico
tiple users in wireless networks has drawn great reseateh-at ent processing based on accurate and instantaneous channel
tion in recent years. The concept of multi-way channels fatate information (CSI). Hence, their complexity may beyver
information exchange among multiple users was considereigh, especially, in relay networks. In the context of thiaye
in [1] as early as in 1977, where the achievable rate regias waetworks using noncoherent processing, [5] has developed a
studied. In a multi-way communication network, users are erear optimum detector for MFSK signalling, which does not
pected to share their information with each other, meartiag t require CSI but requires the second order statistics of the
a user sending its messages to the other users also intendshtmnels as well as the decoding error probability at relays
decode the messages sent by the other users. Recently, mi@}j optimum noncoherent detection for amplify-and-fordia
way communications have been suggested to be implemente#) relay networks has been addressed, and the lower as
with the aid of relays, yielding the concept of multi-waywell as upper bounds for the achievable bit error rate (BER)
relay [2,3]. Specifically, when only two users are involvechave been derived. Additionally, in [7,8], the authors have
the multi-way relay is reduced to the well-known two-watudied the detection based on the generalized likelihatd r
relay [4]. Due to the broadcasting nature of wireless signatest (GLRT) for both AF and decode-and-forward (DF) relay
it is usually very hard for wireless transceivers to trarismsystems.
and receive signals simultaneously on the same frequencyrhe FFH/MFSK has been widely studied in the context of
band. Hence, half-duplex is commonly used. In this case) eveulti-access communications, as shown, e.g., in [9-14]. In
for the two-way relay scheme, the time, frequency or spaeedition to its relatively low complexity, the FFH/MFSK als
resource required will at least be doubled in comparisoh wihas the advantages of, such as, inherent frequency diversit
that required by the one-way scheme. When multi-way rel@ffectiveness for combating various types of interfereme
is considered, further resource is explicity demandedgckvh requirement of successive frequency bands, etc. For nonco-
might become extreme, when without elaborate design of therent detection in FFH/MFSK systems, there are a range
information exchange protocols. of SUD and MUD algorithms proposed for the conventional
In order to implement high-efficiency information exchangenultiple-access communications [9—-14]. In this papereeahr
among a group of users, in this paper, we propose a lotypes of them, namely, the ML-MUD, SML-MUD and MV-
complexity multi-way relay scheme based on fast frequencgUD, are extended for achieving noncoherent detection in
hopping andM-ary frequency-shift keying, which we referour FFH/MFSK MWR systems. Furthermore, the performance

I. INTRODUCTION



of the FFH/MFSK MWR systems employing the abovewhere hl(k) represents the channel fading gain with unit
mentioned detectors is investigated and compared. variance, which is assumed to obey the independent Rayleigh
distribution with respect to the indexésaindk, N(t) denotes

the additive white Gaussian noise (AWGN) with single-sided
power spectrum density (PSD) 8f, per dimension. Note that,
the carrier phaseyl(k) seen in (1) has been absorbed ihfé)

in (3).

Without channel estimation, the relay obtains observation
from square-law detectors [15]. The normalized obsermatio
R, with respect to thenth, m € {0,..., M — 1}, frequency
tone and théth, [ € {0,..., L — 1}, chip can be expressed as

II. SYSTEM MODEL
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Fig. 1. Paradigm of multi-way relaying schemes, where thelsoid dashed . . . . .
lines represent the multi-access and broadcasting chamasgsectively. where N,,,; is the normalized Gaussian noise sample dis-
_ _ _ o tributed with mean zero and a varianeg = LN,/ E,, where
In this section, we introduce the principles of our proposed, — LPT;, is the energy per symbol. In (4)(a,b) is an

FFH/MFSK MWR scheme, which uses one relay to serve afldicator function defined ag(a,a) = 1 and d(a,b) = 0,
the other users. The schematic diagram of the FFH/MFSK , # b In (4) {h(k’)} and N. b :

; L . . v Al mi obey complex Gaussian
'Y']WR IS sho%n in Fig. 1r'] where _o?e relay is Ir:)cated al gistributions. Hence, it can be shown that the square-law
the center offC users exchanging information. The system i§eectors output?,,; follows exponential distribution with a
operated in two phases (or two time-slots), multiple-asceg,qqn given byK,, + o2, where K,.;, Koy = 0,1,..., K
and broadcasting, based on half-duplex. During the MUl stes the number of users activating it frequency tone

access phase, all thE users transmit synchronously theityiinin the ith chip.

FFH/MFSK signals to the relay. The equivalent complex low-
pass signal transmitted by usér £ € {1,..., K}, can be

formulated " o
ormulated as 965
I 7 | Ry | B | Rey | Roz 7 [ ] :;;E??%
— a; = [5,7,0,3]
Sk(t) = V2P 3" g, (t — ITy) exp (2m Mt + 07) (@) 6 || Fu|RaRa| M| M| sy
1=0 5 | Ry | Rsi | Ry | Rss 5'H N
where P denotes the transmission power per dimensibn, 4 |Ryg |Ru|Re |Rs| 4 |H |
represents the number of time chips used for conveying one X, =4
. . . g (k) Ry | R | R | Ry 3 [ | X, —
M-ary symbol and/}, is the chip duration, whilg;,”’ denotes X0
the random phase generated from carrier modulation. In (1), 2 |Fx | |B2|Rs| 2 || X, =7
the time domain pulse-waveformiz, (¢) is defined within 1 R | By | B lRe | 1 ]
. . . . Th 9 i i
[0, T5), WhICh.IS normalized to satgfjo_ fﬁn (t)dt = _T;r o [rlzlzlml o -
Furthermore, in (1), the frequenqﬁ[’ is jointly determined o 1 2 3 o 1 2 3
by the FH address and data of ugein the way as [13] ) ) )
Fig. 2. Time-frequency matrices operated at the relay.
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where X, denotes thel/-ary symbol tran(%nit'g%d by L(Jlf)éf as shown in Fig. 2, wheré/ rows correspond to thé/

1 is an all-one vector of length, a;, = [ay,a; ', ...,a; ;] frequencies and columns to thel. chips of a symbol. During

is the unique FH address assigned to uSeNhereal(k) is an the broadcasting phase, the relay forwards the information
element of the Galois Fiel@F (1) [10], while @ denotes the received from the multiple-access phase to fieusers by
addition operation inGF(M). After the MFSK modulation, Sending them the TF matrik. However, in the TF matriR,

Using R,,,; form =0,...,.M —1andl =0,...,L—1
as entries, the relay can form @/ x L) TF matrix R,

in (2), the elements ofj;, are mapped to the correspondin

frequenciesf® = [f$F, f . rR ).
From the multiple-access channels, the signal received

the centred relay is given by

K L-1
R(t) =" S V2PhM vr, (t —1T),)
k=1 1=0

x exp (j2r fF1) + N (t) ©)

he maximum number of entries per column activated during
he multiple-access phase/i& Hence, inR, there are possibly
mny entries having not been activated by any users and
se entries are only constituted by noise and not negessar
to be forwarded during the broadcasting phase. Furthermore
forwarding directly the soft information of the entries R
is resource wasteful. For this sake, the relay can carry out
certain decision, in order to form a binary TF matrix in the
form of Ry, as shown in Fig. 2. Specifically, in this paper,
the threshold-based detection is employed by the relay to



obtain Ry. The relay compares each of the entries Rn Wheref(Rf]})|s,{ak}) denotes the PDF QRSI}), when given

say R,,;, with a pre-defined threshold;,. If R, > A, s and the FH addressday, }.

the correspondingm, [)th entry in Ry is marked (or ‘1).  According to the principles of ML-MUD, the optimum

Otherwise, thgm, [)th entry in Ry is empty (or ‘0’). solution is obtained by searching the signal space and findin
As shown in the TF matrix?r, an entry is either marked the symbol vecto that maximizes the likelihood function

(‘1) or empty (‘0"). During the broadcasting phase, theasel f(R,|s, {a;}) or the log-likelihood functionn f(R:|s, {as}),

forwards the locations of the marked entries to fkieusers. which can be stated as

Therefore, based aRr, the TF signal transmitted by the relay

M—-1L-1
during the broadcasting phase can be expressed as .
uring i gLfll e Xp 8 :argsrél(%)f({ H H f(REiﬂs,{ak})} (8)
m=0 [=0
Sa(t) = @Z Z b, (t = 1T}) M-1L-1
1=0 n=0 =arg max { Z Z lnf(Rf,lLl)|s, {ak})}, (9)
X exp (j?ﬂ'fl(n)t + (Z)l(n)) 5) SEXT 1 20 1=0

where N; represents the number of marked entries inithe vz\\?_erre themsbpaltcét:’r n {r%itlt’ d. M — 1} contains the possible
lumn of Ry and{ £, fV, ... . fM =1 are the frequency aty symbols ransmitec. 1)
co rantuj; sy "o : In the above equations, the PDF pfR'|s, {a)}) can be
tones corresponding to the marked entries. expressed as ml
Note that, as the above description shows, the relay dS&®
not use CSI. It also does not require the knowledge about th 1) _ (m.l) _ @) plm,l) _
FH addresses of th& users. Hence, it has no need or the F(Bnils, {ak})(m l)P(RT 1|s’{‘zf)}){si’)”l|RT b
ability to recover the messages transmitted by Heusers. + P(Ry™ =0[s, {ar}) f(R,, IRy = 0), (10)
Therefore, the complexity is relatively low for the relayhie (ml) . ] . -
the information security is relatively high for the aidecerss Where P(Ry™" = i|s, {ax}), i = 1,0, is the probability that
Without loss of generality, let us below focus on useand the (m, l)th entry of Ry is marked { = 1) or empty ¢ = 0),
exp|ain how it recovers the messages sent by the OMerK) when given the SymbOI vectar and the set of FH addresses
users during the multiple-access phase. For this purpese, (ax} of the K users, Whilef(RSHR(Tm’l) = i) represents the

1 utilizes the square-law detection, which is the same as thsF of R'!) conditioned onR"™" = i. Specifically, when a

ml

operated at the relay, to form a TF matd that is also in threshold),, is used, we have fom = 0,1,...,M — 1 and
the form of R, as shown in Fig. 2. Based on (5) and following — ¢, 1,..., L — 1
the derivation for (4), we can show that tle, [)th entry of

R, is given by P(R™D — 1 1) — A 11
- 2 (R =1ls fah) =exp (——5 ) D)
R = XN#W@MJM+N9 ’

n=0

m=0,1,....M—1,1=0,1,....,L—1 (6)

m A
PR = Ols. {ai}) = 1 — exp (—K - 02> (12)

1)
1 m,l 1 m
whereN'!) is a Gaussian noise sample distributed with mean FIROIRT™D =1) = 1152 <— g Uz2> (13)
zero and a variance? = LN,/ Es. FurthermoreRE}lf follows ' '
an exponential distribution with a mean ﬁffnl? + o2, where f(R(1)|R(m’l) _0) = 1 ox _RSL; (14)
K'Y =0 or 1, depending on whether theth frequency tone mi [ =)= oz P o? |’

was transmitted by the relay during tfié chip. . ) )
Based on the TF matrixR;, the principles of usert Upon applying the above equations and (10) into (8) or (9),
detecting the other users is now detailed in the next sectiowe C&Q}?b}?m the optimum solution by searching a space of
size -,
) I_”' N ONCOHERENTDETECTION ) Despite achieving the optimum performance, the complexity
In this section, th_ree types of noncoherent detection seBenyf the ML-MUD is very high, which grows exponentially with
are considered, which are the ML-MUD, SML-MUD and MV-the number of users invoked. Furthermore, the ML-MUD is

SUD [13]. sensitive to the non-ideal conditions, such as a non-optimu
A. Maximum Likelihood Detector threshold used by the relay. Therefore, we below consider tw
other detectors having significantly lower complexity ttiha

Let s = [X;, Xa,..., Xi]T contains the possiblé/-ary ML-MUD
symbols transmitted by thé& users. Explicitly, when con- '
sidering the detection at usds, its symbol X; is already B. Majority Vote Based Detector
known. For a given symbol vecterand the set of unique FH e principles of the MV-SUD can be found in Appendix
addresseday} of K users, the probability density functionz a of 13], which can be briefly summarized as follows. From

(PDF) of the received TF matriR, at user 1 can be denotedine received observation matr®;, userl first forms a hard-
as f(Ri|s, {ay}). Under the assumption that tid L entries decision TF matrix®'" in the form ofRr, as shown in Fig. 2,

in R, are mutually independent, this PDF can be written as ) T v ) . )
MLt by comparing each of its entrles(l/;/lth a threshold, 95&
F(Rils, {ar}) = H H f(RSN& {a)) @) If the entry’s value is higher than,;,’, the corresponding TF

m=0 1—0 element inR(Tl) is marked. Otherwise, it is left empty. After



obtainingR(l), userl uses, respectively, the FH addresses ofiaximum reliability, etc. Note furthermore that, for the 5M
user2, 3,..., K to de-hop it, obtaining)gl),Dgl), o ’D? MUD, in our simulations, the rows having eithéror (L —1)
for detection of the symbols transmitted by ugem, ..., . entries in the TF matriceyD;} were chosen to generate
Specifically, based o™ % — 9 K. user1 makes a candidate symbols for finding the final solution.

’ k - P 9

decision in favour of theM-ary symbol X, corresponding

to the specific row that has the highest number of marked 10°M:16
entries. This symbol represents the estimate to the sytipol i
transmitted by usek. In the case that there are more than one 10t X

@

rows having the highest number of marked entries, tigshen

randomly selects one and uses it as the estimat®;of E 0; e
1
C. Sub-optimum Maximum Likelihood Detector S "H o Leak= Yﬁ\%\ LS
- . W el O L=4K=4 NNV

The principles of the SML-MUD is the same as that of 5 oH & L=6K=2 S
the ML-MUD, except that the SML-MUD works with a space .0 @ L=6K=4 A \e%z % N
whose size is significantly smaller thaw—1, the size of 0 LMUD == =]
the ML-MUD's search space [13]. In order to obtain such i; ——— Sub ML-MUD | %
a sub-space that does not result in significant performance " ‘ ‘ LN NS

5

=
o,
o

5

penalty, as shown in Section 7.7 of [13], uskrfirst de-
hopsR(Tl) using the FH addresses of usgr 3,..., K to Fig
obtain DS D", ... DY), Based on the de-hopped mawmL-MUD.
trices DSV, DY, ..., D'V, the candidate symbols for user

2, 3,..., K are formed. Specifically, depending on the com- 1
plexity affordable, the symbols corresponding to the catepl
rows, to the rows havindL — 1), (L — 2), etc., entries in
DS),DS), . ,D(]? may be taken as the candidate symbols
transmitted by usee, 3,..., K. Let Xy, kK = 2,..., K,
collects the candidate symbols of ugerThen, for the SML-
MUD, the estimate to the transmitted symbol veaiaran be
found according to the optimization problem
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SNR per bit (dB)
BER performance of the FFH/MFSK MWR systems employing

Suboptimum ML-MUD: M=32
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Below we provide a range of results to illustrate the achiev- o
able error performance of the FFH/MFSK MWR systems, 1o Majority Vote: M=32
when the above-mentioned three types detection schemes are —8—y i
invoked.
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V. SIMULATION RESULTS

In this section, the BER performance of the FFH/MFSK
MWR systems is investigated by simulations, when assuming
communications over Rayleigh fading channels. Some of the

Bit Error Rate

parameters used in our simulations are depicted associated i
with the figures. In the examples considered, we assumed that 10°] O K=2 4 NI
the users employed the optimum FH addresses [10] and that [l .
all the users transmit with the same power. The SNR per bit .| <

shown in the figures is the average SNR per bit, given by ° 5 SNR pelfbit(dB?)O % s
v = Ey/No = Es/(bNy), whereb = log, M represents the

number of bits per MFSK symbol. From the above settingEi{J/- 5. BER performance of the FFH/MFSK MWR systems employing
we are implied that the energy consumed at the reldy 5, MV-SUD.

per symbol duration, which grows lineally with the number Figs. 3, 4 and 5 depict the BER performance of the
of users involved. Note that, in practice, in an infrasttwet FFH/MFSK MWR systems, when the ML-MUD, sup-
based network, high-power nodes may be deployed as timum ML-MUD and MV-SUD are employed, respectively.
relays. By contrast, in an infrastructure-less networichsas In addition to the parameters shown in the figures, in our
in an ad-hoc network, nodes may be chosen as the relay nosiesulations, the thresholds used by the relay and the users
alternatively, or chosen as the relay nodes based on certaigre set in such a way that the false-alarm probability was
optimization criteria, such as, maximum network lifetimelower than10~% while minimizing the miss probability. From



the results of Figs. 3 - 5, we can derive the following obser- V. CONCLUSIONS

vations. First, for a give value ok, the BER performance | order to achieve high-efficiency information exchange
improves, as the value of increases. Second, for a giverymong a group of users, in this contribution, we have progose
value of L, the BER performance deteriorates, as the numbghy studied a FFH/MFSK MWR scheme, which implements
of usersK increases. Third, when comparing the results of thge information exchange using two time-slots regardldss o
ML-MUD with that of the SML-MUD, as shown in Fig. 3, the number of users invoked. The relay and final detection
the ML-MUD outperforms slightly the SML-MUD. However, sirategies have been designed. The error performance of the
due to the threshold detection carried out at the relay aad titpH/MESK MWR systems has been investigated by simu-
the threshold may not be optimum, error-floors start ?ppgarilations, when the ML-MUD, SML-MUD or the MV-SUD
for the casel = 4, K = 4, even for the ML-MUD. Finally, is employed. It can be shown that the FFH/MFSK MWR
the MV-SUD vyields the worst BER performance among the:heme can facilitate information exchange among a group
three detectors considered. However, we should valuetteat b \;sers. It can be designed to make efficient use of the
MV-SUD has the lowest complexity, which does not mind &tequency resources. It can naturally exploit the freqyenc
all the statistics of channels and transmitted signals. selective fading to achieve frequency diversity. Furthaen

the FFH/MFSK MWR systems can be implemented with low-

AM=64,1=4 } complexity noncoherent techniques.
! — P [
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